Purpose: The significance of ocular or corneal aberrations may be subject to misinterpretation whenever eyes with different pupil sizes or the application of different Zernike expansion orders are compared. A method is shown that uses simple mathematical interpolation techniques based on normal data to rapidly determine the clinical significance of aberrations, without concern for pupil and expansion order.
W ave front error analysis for the evaluation of ocular function is now routinely applied clinically in ophthalmology and optometry and for research purposes in vision science. It is particularly useful in the postoperative evaluation of laser vision correction procedures, where the asymmetry, decentration, and surface irregularity from laser ablation complications can be well described by aberration terms, such as astigmatism, coma, spherical aberration, and others. [1] [2] [3] [4] [5] [6] Likewise, wave front error analysis can be applied preoperatively in refractive surgery and used for guiding wave front error correction procedures, particularly in those eyes that are naturally aberrated or because of iatrogenic laser procedure complications. [7] [8] [9] [10] Wave front error has also been useful for diagnostic purposes, such as in predicting visual performance, [11] [12] [13] screening for corneal ectasia, [14] [15] [16] [17] or grading the severity of optical defects of the cornea, or complications with intraocular lenses. [18] [19] [20] The standard method of describing wave front error is the Zernike polynomial, which is used to decompose the complex and irregular surface shape of the wave front error into a series of mathematically simpler components. 21, 22 These components are expressed in terms of their radial and angular frequencies and describe specific aberration components, such as astigmatism, coma, trefoil, and spherical aberration. Aberrations that are rotationally symmetric, such as defocus and spherical aberration, are expressed by a single component, but aberrations that are not rotationally symmetric, such as astigmatism and coma, require 2 separate components, a vertical component and an oblique component that are combined to form a specific aberration type. The relative amount of each term is indicated by the value of a numerical coefficient as a root-mean-square (RMS) error of the surface height measured typically in micrometers.
Wave front error analysis can be performed for the optics of the whole eye or for the optics of individual ocular components or surfaces, such as the anterior corneal surface, which has particular relevance in refractive surgery, diagnosis of diseases, and evaluation of visual acuity. 22 The total number of Zernike fitting terms that are extracted during wave front decomposition is often user determined and may be varied from case to case. Highly complex surfaces will typically require more terms for achieving a complete and accurate fit to the total original wave front error, whereas simple smooth surfaces, such as those found with normal conditions, will require fewer Zernike terms to achieve a good fit. 23, 24 Whenever more terms are included to improve the quality of the fit, it is counterbalanced by the additional time required to calculate the terms. The optimum number of Zernike terms needed to adequately describe a complex wave front error and the relevance of using Zernike polynomials for fitting compared with the other methods, such as Fourier methods, has been discussed previously in the literature. [23] [24] [25] Clinicians often want to judge the severity (ie, relative magnitude) of aberrations of a test eye by comparing the wave front error with the error of a normal eye. [26] [27] [28] [29] [30] [31] [32] [33] [34] This judgment is based on the assumption that each aberration is normally distributed, about a mean RMS error value for a normative sample, and that outlier results (ie, .2 SDs from the mean) are indicative of abnormal amounts of aberration. Unless the pupil diameter and Zernike fitting order are identical, comparisons between different cases may be invalid. Larger pupils tend to be associated with larger amounts of higher-order aberrations (HOAs), and a comparison of wave front error for different pupil sizes may indicate a significant difference, even for the same eye. It has also been shown that using fewer Zernike orders may lead to an incomplete assessment of the aberrations that are present, which becomes a significant problem when individual aberrations are added together under the category of HOAs. 24 Some aberrometry applications may display the RMS error of various aberrations in comparison to those of a normal eye, but it may be unclear to the user whether the normal reference standard has been corrected for the effects of pupil size and Zernike fitting order. In addition, these displays may not indicate the 2-SD threshold above the mean of the normative database aberrations, thus making it challenging to evaluate the true significance of the error in the test case. The determination of wave front error significance is often made worse by the use of wave front error maps that use adjustable color scales, which deemphasize the true significance of the error. 35 Absolute color scale standards for wave front error maps help in evaluating and comparing cases, but color mapping standards do not address the problem associated with different pupil diameters or Zernike orders.
A method of standardizing or calibrating wave front error measurement systems to a normative database is needed to allow clinical and experimental test case results to be fairly compared with the results of a typical normal eye under the exact same conditions of pupil size and fitting orders. Furthermore, the standard should be applicable to individual aberration types and should be adjustable, so that it conforms to the conditions dictated by the physiological state of the eye to be tested. A normative reference that accounts for pupil size and Zernike order would allow the user to fully realize the clinical significance of specific aberrations rather than assuming that the pupil size and the size of the Zernike expansion series do not matter.
In this study, we developed a simple and reliable method in which aberrometry systems can be calibrated, so that users can compare test eyes to the typical normative condition, irrespective of the physiological pupil size under the test condition or how many Zernike orders were used in the expansion series. The calibration of a given aberrometry system takes the form of 2 equations that describe the mean RMS error value of a particular aberration and its associated standard deviation as a function of both pupil diameter and Zernike fitting orders. These equations are derived through 3-dimensional curve fitting of experimentally acquired data points. Once derived, these equations can then be used to interpolate the normal mean and standard deviation for direct comparison to the test eye. This method allows the wave frontbased aberrations of any test eye to be assessed, with more statistical rigor for significant differences relative to a normal mean, and to allow the number of standard deviations from the normal mean to be used as an indicator of both statistical and clinical significance, as well as the severity of the aberration.
METHODS
This study conformed to the tenets of the Declaration of Helsinki concerning human research subjects. All data used in this study were acquired with informed patient consent and institutional review board approval. Corneal topography from 30 normal cases was acquired with a Tomey TMS videokeratographer (TOMEY, Inc, Nagoya, Japan). These cases were randomly selected from historical medical records of the LSU Eye Center Department of Ophthalmology clinic. The classification of normal was originally made by the attending physician, and the topography maps were further reviewed by 3 vision researchers with corneal topography interpretation experience. All mire ring images were complete; no contact lens wear had been recorded in the medical history, and all corneas had less than 0.5 diopters (D) of astigmatism by simulated keratometry. A few examples of nonnormal corneal topography were included in this study to illustrate the statistical significance of specific types of aberrations when compared to the average normal cornea. These abnormal example cases were not used in the creation of the mean and standard deviation aberration equations for the normative database.
Each topography map was analyzed with the VOL-Pro software (Sarver & Associates, Carbondale, IL) to extract wave front error data. Specifically, the Zernike decomposition routine in the VOL-Pro was used in which the analyzed pupil diameter (ie, the optical zone) (in millimeters) was systematically varied to 3, 5, 7, or 10 mm, whereas the extracted number of Zernike orders was also varied to 6, 8, 10, or 12 orders. This provided a 4 3 4 matrix of 16 data points for the collection of wave front error data. At each combination of pupil diameter and Zernike fitting order, the wave front error (in micrometers) of RMS error was recorded for the following 6 types of corneal aberration: first-order prism, second-order defocus, second-order astigmatism, third-order coma, fourthorder spherical aberration, and all combined HOAs at the third order and above. Data were recorded into a SigmaStat spreadsheet (Systat Software, Inc, San Jose, CA) for each of the 30 corneas used in the study. The mean and standard deviation of the mean at each of the 16 matrix points were then calculated for each of the 6 aberration types.
The mean wave front error data at each of the matrix points were recorded into new spreadsheets for each of the 6 aberrations. The standard deviation of the mean wave front error of each aberration type was also recorded in this fashion. Each spreadsheet was then imported into the TableCurve 3D (Systat Software, Inc) and processed for the best-fitting surface equation that fit all 16 points of the matrix. Ranking of the best-fit equation in the TableCurve 3D can be accomplished by multiple factors, including the F statistic, coefficient of determination r 2 value, degrees of freedom adjusted r 2 value, or standard error of the fit value. We chose to first rank the best-fitting equations using the coefficient of determination r 2 value and then visually inspect the graphical representations of the surfaces starting with the best-fit equation. Deviation of each data point of the 16-point matrix from the fitted surface was indicated by the color of its graphical symbol, which changed when the data point varied in unit steps of standard deviation from the fitted surface. Data points that were ,1 SD were displayed in green, ,2 SDs in yellow, ,3 SDs in red, and ,4 SDs in pink. In some instances, the top-ranked best-fit equations were clearly inappropriate because although they fit most of the 16 points well, the curves were discontinuous and therefore would not fit other interpolated or extrapolated points. In particular, we sought equations that provided a continuous monotonic fit to points along the pupil diameter axis, with a peak at the largest potential pupil diameter (10 mm). However, there were no constraints placed on the equation for the Zernike fitting-order axis being monotonic because the data indicated that some aberrations would not fit well with a monotonic function at very large pupil diameters.
RESULTS
The final selections for the best-fitting equations for the mean value of the wave front error for each of the aberrations and the corresponding surfaces are shown in the 6 graphs of Figure 1 . The equations, fitting statistics, and the coefficients of these equations are provided with each graph. In all cases, RMS error increases with pupil diameter (or optical zone), as expected. The amount of increase varied with respect to the aberration term being considered. The relationship of RMS error to Zernike fitting orders is generally linear and essentially constant for a physiologically normal pupil diameter but tends to become nonlinear with very large optical zones (.8-mm pupils). For example, the 3-dimensional surface fit for corneal astigmatism, spherical aberration, and prism is not monotonic for 10-mm pupil diameters, with the functions showing a minimum in the range of 7 to 8 Zernike orders and peaking at 12 orders. The loss of monotonicity with respect to the Zernike fitting orders may be explained in part by the statistical noise of fitting a 3-dimensional function.
The corresponding surface fit equations for the standard deviation of the mean value of wave front error for each of the aberrations are shown in Figure 2 . The reader is cautioned to consider both the mean and the standard deviation 3-dimensional functions together when interpreting the results. For the combined HOAs (the lower right-hand graph of Fig. 1 ), there does seem to be a dramatic increase in RMS error when the number of Zernike fitting orders is increased from 6 to 12 orders with large optical zones. Large optical zones would include distortions of naturally occurring peripheral corneal shape change (such as nasal flattening and spherical aberration) and possibility of increased measurement noise from topographic height measurement errors.
DISCUSSION
The dependence of wave front error and retinal image quality on pupil size is well known. Walsh, Charman, and Howland described monochromatic aberrations in relation to pupil diameters in the normal human eye, as did Liang and Williams. [26] [27] [28] In addition, the effects of pupil size on refractive error have been described for contact lenses, 29 radial keratotomy, 30, 31 photorefractive keratectomy, 32 laser in situ keratomileusis (LASIK), 33 and intraocular lenses. 34 One of the most significant limitations of wave front error analysis has been in directly comparing investigational outcomes between studies conducted with different pupil diameters. How does one determine the wave front error significance between a study conducted with 3-mm pupils and a study conducted with 6-mm pupils? More importantly, how do either of these results compare to the typical normal eye?
In this study, we investigated the establishment of a standardized method by which the corneal wave front error of any novel test case can be compared with the average error of normal corneas, even if the pupil diameter and Zernike term number for the test case were not rigorously controlled. Specifically, we used a sample of clinically defined normal corneas to derive 3-dimensional equations that describe both mean wave front error and the standard deviation of the mean error for various aberrations (coma, spherical aberration, etc.) under different pupil sizes and Zernike fitting-order conditions. These equations can be used to interpolate normal wave front error significance for any pupil diameter and Zernike fitting order and thus provide an immediate reference standard to which unknown test cases can be compared.
In general, pupil diameters less than 3 mm for normal subjects asymptotically approach an error minimum, as shown in Figure 1 , whereas the theoretical upper pupil diameter is considered to be 10 mm and exhibits significant amounts of aberration and a correspondingly larger variance. The range of Zernike orders in our method was 6 to 10 orders, which corresponds with our typical use of aberrometry in the research laboratory. Optionally, fewer or more orders can be used to derive the equations; however, including more orders may make it more difficult to fit an equation to the data.
Our study results indicate that the Zernike order does not play a significant role in the calculation of aberrations of normal corneas when using physiological pupil diameters (eg, 4-mm pupils) but becomes increasingly significant when larger optical zones are evaluated by comparison. This result confirms our findings made in an earlier study, where we examined the goodness of prediction of Zernike fitting orders for various corneal conditions, including normal subjects. 23 Highly aberrated eyes, such as corneas with keratoconus, can exhibit significant wave front error even when small pupils are considered, and therefore, the mean and standard deviation of the normal cornea's wave front error for small pupils were included in the study to provide a statistical reference of normality for the entire range of pupil diameters.
The equations derived in this study are specifically for use with the VOL-Pro analysis software and the Tomey TMS topography; however, the approach we used can be applied to any wave front aberrometry system, provided a normative database of reasonable size is used. Furthermore, the method is not limited only to corneal wave front aberration analysis but can be applied as well to whole-eye aberrometry. Different wave front analysis systems are expected to have unique aspects to the way data are handled that necessitates that each system be calibrated according to the normative database acquired by that system. For example, Hartmann-Shackbased wave front sensors have a different data point sampling resolution than a system based on slit skiascopy. There may also be systematic differences, which are based on numerical precision or the specific algorithm used with each system. The only prerequisite for generating a normative database for deriving the equations is that a sufficiently large sample of normal eyes is used to define the normal mean and standard deviation across all potential pupil sizes and the number of orders expected for the Zernike expansion series. The calculation for the minimum sample size is well documented in statistics textbooks and usually available on statistical software applications. In general, one must estimate the variance of the population and specify the acceptable margin of error (typically P = 0.05) to obtain the estimate of the n value. In our study, we set the desired power of a 1-tailed Student t test to be 0.95 and assumed that the expected standard deviation would equal the minimum difference in means, which generated a minimum sample size of at least 28. We chose to round up the sample size to 30 cases in the normative database.
After determining the equations for the mean and standard deviations of the mean for each of the 6 types of aberrations we studied, we then encoded the equations into a software application where the input of pupil size, Zernike fitting orders applied, and the Zernike coefficient values of the aberrations of the test eye are all done with keyboard entry. In commercial applications, these values can all be accessed internally within the wave front measurement device and fed automatically to the encoded equations to produce the statistical comparison to the normal mean and standard deviation. How this result is displayed can be modified by each wave front device manufacturer to best fit the needs of their clients. In our laboratory, we designed a simple graphical display in the shape of a hexagon that is generated automatically by the aforementioned application. The center of the hexagon displays the pupil size and Zernike fitting-order number, whereas the 6 petal-shaped regions show the RMS error of each specific aberration. Each petal automatically changes color from green to yellow to orange to red to show the user how many standard deviations from the normal mean the test result value is for each aberration. This color-coded graphical method allows rapid visual assessment of wave front error, particularly when the hexagon labeling is associated with a wave front error map, where it provides a permanent record of the statistical and clinical significance of the optical errors of that particular eye or cornea.
No matter what the optical zone diameter is, great care should be exercised when comparing RMS error data among cases, where the pupil diameter differs by as little as one-half millimeter. This can be better understood when actually applying the equations to analyze the significance of the aberration for several different corneal examples, as shown in Figures 3 to 6. In these figures, we have computed the RMS error for the 6 different aberrations and then added the hexagonal color-coded graphical display that indicates the number of Zernike orders in the fit, the pupil diameter in millimeters, and the RMS error value of each of the aberration types. As expected, an example from a normal cornea shown in Figure 3 has all green labeling, which indicated that all aberrations were ,2 SDs from the mean. In Figure 4 , a post-LASIK case is shown with slightly elevated defocus and a highly significant amount of spherical aberration present (.4 SDs). This spherical aberration is also indicated by the orange and yellow colors of the Smolek-Klyce absolute color scale for wave front errors. The spherical aberration result of Figure 4 should be contrasted with that of Figure 5 , which shows a case of mild keratoconus. Notice that the spherical aberration of the keratoconus cornea is 0.68 and labeled as green, even though the spherical aberration of the post-LASIK case was 0.70 and labeled as red. The difference between these cases is that the optical zone of the keratoconus case was 7 mm, and the optical zone of the post-LASIK case was 6 mm. Both cases were analyzed with 12 Zernike fitting orders. Even though the RMS error has changed by only 0.02 mm and the pupil diameter by only 1 mm, this difference is sufficient to create a large statistically significant difference. Comparing these 2 cases illustrates that the clinical and statistical significance of the RMS error value cannot be determined unless the pupil diameter is taken into consideration. Figure 6 illustrates a case of mild central keratoconus that is notable in that coma aberration is not significantly different from normal, with a 7-mm pupil diameter and the use of 8 Zernike orders. The appearance of coma is also not visually distinct in either of the 2 wave front mapping methods (ANSI or the Smolek-Klyce absolute scale) because the ectasia is well centered on the cornea. The HOA value is between 2 and 3 SDs above normal, which is likely to be because of trefoil aberration, whereas the prism value is between 3 and 4 SDs above normal. Both HOA and prism indicate a significant difference from a normal cornea. Firstorder prism, which is often neglected on aberrometry systems, can be helpful for screening abnormal corneal wave fronts, as shown in both Figures 5 and 6.
CONCLUSIONS
In this study, we have shown a simple but effective method for calibrating wave front analysis systems to display aberration results with improved statistical and clinical significance when compared to the mean aberrations of the normal eye. This technique can be further expanded to include more aberration types than the ones shown here. The method can also incorporate additional pupil and Zernike order data points to refine the 3-dimensional surface used to fit the equations, if more precision is needed for some devices or applications. We designed our method to specifically evaluate corneal topography wave front error, but the approach can be applied to aberrometers that evaluate the optics of the entire eye.
We have also shown in this study how a standardized color-coded labeling of the aberration results, based on a statistical comparison to a normative database, can provide the clinical user with a rapid assessment of the aberration state. A well-designed labeling approach to indicate the significance of individual aberrations eliminates confusion while providing the user with both quantitative and qualitative information about the statistical and clinical significance of the results relative to a normal eye. The current study describes a method by which the mean and standard deviation of various aberrations for a normative database were evaluated for different amounts of pupil diameter and Zernike fitting orders and the results used to generate 3-dimensional equations that describe the normal mean and standard deviation of wave front error. These equations can be incorporated into aberrometry analysis software to statistically evaluate any new test case, no matter what pupil size or fitting order was used in acquiring the data. Examples of clinical application include the assessment of post-LASIK corneas for statistically significant indications of coma, which would indicate the presence of ectasia, or the evaluation of dry eye patients for significant levels of HOAs compared to the normative reference. The method would also be useful for keratoconus screening and severity assessment. 
